Protein kinase G (PknG) is a eukaryotic-like serine/threonine kinase that is expressed by Mycobacterium tuberculosis and promotes survival of mycobacteria in host macrophages by suppressing phagosome-lysosome fusion. Thus, compounds showing inhibitory activity against PknG are promising anti-mycobacterial agents. We therefore aimed to develop anti-mycobacterial agents by identifying new PknG inhibitors. A luciferase-based PknG kinase assay was used to screen potential inhibitors of PknG. We found that four compounds, namely AZD7762, R406, R406-free base, and CYC116, inhibited PknG activities. AZD7762, R406, and R406-free base promoted transfer of mycobacteria to lysosomes. These compounds also inhibited survival of M. bovis Bacillus Calmette-Guérin (BCG) inside human macrophages. Furthermore, R406 and R406-free base showed bactericidal activity against BCG in infected human macrophages without cytotoxicity. The PknG inhibitors identified in this study by the luciferase-based PknG kinase assay may be promising leads for the development of anti-mycobacterial agents.
INTRODUCTION
Tuberculosis (TB) is one of the most important global health problems, with about 10 million new cases arising every year (Zumla et al., 2015) . The virulence of Mycobacterium tuberculosis is linked to its capacity to survive within macrophages that are designed to destroy phagocytosed pathogens (Frieden et al., 2003) . While in healthy persons, a functional immune system keeps intracellular bacteria in check, if the immune system of infected persons is impaired by, for example, infection with the human immunodeficiency virus or the administration of anti-inflammatory drugs or immunosuppressants, M. tuberculosis can rapidly spread and cause disease (Frieden et al., 2003) . An additional problem is that strains resistant against current drugs are spreading globally (Matteelli et al., 2014) , and therefore it is important to develop anti-TB agents that can efficiently target M. tuberculosis.
Mycobacterium spp., such as M. tuberculosis and M. bovis Bacillus Calmette-Guérin (BCG), survive and persistently infect in macrophages by escaping from the host lysosomal degradation pathway (Armstrong and Hart, 1975) . A eukaryotic-like serine/threonine kinase, protein kinase G (PknG), was shown to play a pivotal role in blocking phagosome-lysosome fusion within infected macrophages (Walburger et al., 2004) . Mycobacteria that are deficient in PknG are predominantly found within lysosomes compared with wild-type mycobacteria that reside in phagosomes (Walburger et al., 2004) . In addition, when severe combined immunodeficiency mice are infected with M. tuberculosis, the mice infected with PknG-deficient bacteria are able to survive longer than those infected with wild-type bacteria (Cowley et al., 2004; Sundaramurthy et al., 2017) , suggesting that suppression of phagosome-lysosome fusion by PknG allows mycobacteria to escape from lysosomal degradation and to grow within macrophages. Blocking PknG by use of the specific PknG kinase inhibitor AX20017, which targets the ATP binding site of the PknG kinase domain, resulted in the effective lysosomal delivery and death of internalized mycobacteria (Walburger et al., 2004; Scherr et al., 2007) . PknG-inhibiting compounds discovered from flavonoids and aminopyrimidine derivatives were considered promising antimycobacterials (Anand et al., 2012) .
It is important to increase the number of lead compounds that inhibit PknG activity. Additional PknG inhibitors were screened by measuring ATP consumption, based on kinase activity that transfers phosphate groups from ATP to substrates (Baki et al., 2007) . The radiometric-based kinase assay for screening PknG inhibitors measured the incorporation of radioactive phosphate into myelin basic protein (MBP) (Koul et al., 2001) . In this assay, MBP was incubated with γ 33 P-labeled ATP in the presence of PknG. We here present a luciferase-based PknG kinase assay that was used to search for PknG inhibitors that can effectively suppress intracellular mycobacterial growth.
MATERIALS AND METHODS

Cell Lines and Bacterial Strains
THP-1 and J774.1 cell lines were cultured with RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO, United States) supplemented with 10% fetal calf serum. The THP-1 cells were differentiated by stimulation with 50 nM phorbol 12-myristate 13-acetate (Sigma-Aldrich) for 2 days. M. bovis strain BCG-Tokyo 172 (BCG) was purchased from ATCC (Manassas, VA, United States). Green fluorescent protein (GFP)-expressing BCG (WT BCG) and PknG knockout BCG-GFP ( PknG BCG) were also used (Walburger et al., 2004) . BCG was propagated in 7H9 mycobacterial medium (BD, Franklin Lakes, NJ, United States) supplemented with 10% Middlebrook ADC Growth Supplement (Sigma-Aldrich) and 0.05% Tween80 or 7H11 mycobacterial medium (BD) supplemented with 10% Middlebrook OADC Growth Supplement (Sigma-Aldrich) and 0.05% Tween80. The bacterial suspension was gently sonicated using a sonicator (UR-20P, Tomy, Tokyo, Japan) for 5 s and centrifuged at 150 × g for 5 min to eliminate bacterial clumps and was then used.
The protocols related to biosafety issues were approved by the institutional review board of the Shimane University. Each study was conducted under the rules for preventing dispersal of living modified organism. The living modified organisms were handled inside a biosafety cabinet at a level 2 or level 3 facility.
GST-PknG Fusion Protein Purification
The pknG gene was amplified by PCR using KOD-Plus polymerase (Toyobo, Osaka, Japan) from M. tuberculosis H37Ra (ATCC 25177) genomic DNA using specific primers (FW:
5 -GGCCAAGCGTCAGAGACCGAACGTTCGGG-3 , RV: 5 -TTAGAACGTGCTGGTGGGCCGGACCTTG-3 ). For the thermal cycling, initial denaturation at 94 • C for 3 min was followed by 35 cycles of denaturation at 94 • C for 30 s, annealing at 55 • C for 30 s, and extension at 68 • C for 3 min. Amplified pknG gene was inserted into pGEX-3X vector (GE Healthcare, Little Chalfont, United Kingdom) to create a GST-pknG fusion gene (Smith and Johnson, 1988) , which was expressed in E. coli strain BL21 (GE Healthcare) and induced by 0.1 mM IPTG treatment at 25 • C.
Bacterial cell pellets were suspended with cold phosphate buffered saline (PBS), disrupted by sonication (ON: 30 s/OFF: 30 s × 10) (Bioruptor, UCD-200, Cosmo Bio, Tokyo, Japan) and then dissolved with 1% Triton-X100. The mixture was clarified by a 5 min centrifugation at 13,400 × g. The supernatant was mixed with glutathione-sepharose 4B (GE Healthcare) beads and incubated for 30 min at 4 • C. The beads were washed five times with cold PBS by centrifugation (2,300 × g, 5 min). The washed beads were then suspended with lysis buffer (20 mM reduced glutathione, 50 mM Tris-HCl, pH 8.0) and incubated for 5 min on ice. Supernatants obtained by centrifugation at 2,300 × g for 5 min were subjected to SDS-PAGE to verify the purified GST-PknG.
Luciferase-Based PknG Kinase Assay
A luciferase-based PknG kinase assay was established with minor modification from the previously reported method (Baki et al., 2007) . The test compounds dissolved with dimethyl sulfoxide (DMSO) were diluted with double-distilled H 2 O. The reagents composed of 20 µL of mixture (10 µM test compound, 1 µM GST-PknG, and 20 µL of kinase reaction buffer [5 µM MBP (Funakoshi, Tokyo, Japan), 50 mM Tris-HCl (pH 7.6), 1 µM ATP, 1 mM dithiothreitol, 10 mM MnCl 2 , 250 µg/mL bovine serum albumin]) were added in a white 96-well plate (Thermo Fisher Scientific, Waltham, MA, United States). The mixtures were incubated in the modified kinase reaction buffer (Koul et al., 2001) at 30 • C for 30 min and then mixed with 40 µL of Kinase-Glo reagent (Promega, Madison, WI, United States). After incubating at room temperature for 10 min, the luminescence signal was measured by a DTX-880 multi-mode plate reader (Beckman Coulter, Brea, CA, United States).
We used 1 µM of ATP to screen the PknG inhibitors. The level of ATP used was 1,000-fold lower than the level of the intracellular ATP (Beis and Newsholme, 1975) . However, the linear relationship between the concentration of ATP and the intensity of the luminescent signal could be observed in the ATP concentrations between 0.1 and 16 µM, which was similar to the original assay (Baki et al., 2007) .
Kinase Inhibitors
kinase (Chk) 1/2 inhibitor and exhibits anti-tumor activity by inducing cell cycle arrest (Zabludoff et al., 2008) . R406 ((6-[[5-fluoro-2-[(3,4,5-trimethoxyphenyl) 
and R406-free base (R406f) are human spleen tyrosine kinase (Syk) inhibitors and used as lead compounds of drugs for rheumatoid arthritis (Braselmann et al., 2006) . CYC116 (4-methyl-5-[2-(4-morpholinophenylamino) pyrimidin-4-yl] thiazol-2-amine) is an Aurora kinase A/B inhibitor and shows anti-tumor activity by repression of cell division (Wang et al., 2010) . These inhibitors were purchased from Sigma-Aldrich. These inhibitors were dissolved with DMSO and further diluted with each buffer or medium.
Quantitative Inhibitory Assay for Inhibitors Against PknG Kinase
The luciferase-based PknG kinase inhibitory assay was performed using a kinase inhibitor library (Kinase inhibitor library I, Sigma-Aldrich) and PknG inhibitor (AX20017, Merck Millipore, Billerica, MA, United States). The inhibition rate of kinase activity by various compounds (%) was calculated as follows: Inhibition (%) = 100 × [relative light intensity units (RLU) raw data of sample -RLU positive control] / (RLU negative control -RLU positive control). All data were plotted in terms of an inhibition rate of AX20017 equal to 100%.
The half-maximal inhibitory concentration (IC50) was calculated from the sigmoidal curve for the GST-PknG kinase inhibition rate. The RLU values of GST-PknG and DMSO alone were used as a positive and a negative control, respectively.
Direct Bactericidal Assay by Mycobacterial Growth
Bacillus Calmette-Guérin at 1 × 10 5 colony forming units (CFUs)/well was incubated with 10 µM of kinase inhibitors at 37 • C for 24 h. The bacterial suspension was diluted serially in 7H9 medium with 10% Middlebrook ADC Growth Supplement and 0.05% Tween 80. A total of 10 µl of each diluent were plated onto 7H11 agar plates containing 10% Middlebrook OADC Growth Supplement and 0.05% Tween 80. The plates were cultured for 3-4 weeks at 37 • C and CFUs were counted.
The ability of the compounds to inhibit bacterial growth was assayed using alamarBlue cell viability reagent (Thermo Fisher Scientific) to measure the reducing viability of bacteria. Mycobacteria adjusted to an OD 600 of 0.05 were incubated with 7H9 medium containing 10% OADC and fourfold serial dilutions (from 128 to 0.03 µM) of kinase inhibitors for 6 days at 37 • C. Rifampicin was used as a control to show inhibition. After incubation, 20 µL of alamarBlue cell viability reagent was added to the bacterial suspension and incubated for 4 h at 37 • C. The fluorescent signal (excitation: 535 nm/emission: 595 nm) was measured by a DTX-880 plate reader.
Immunostaining
J774.1 cells on culture slides were infected with bacteria at a multiplicity of infection (MOI) of 10 for 30 min and then incubated with 10 µM of inhibitors for 90 min. Cells fixed with methanol for 4 min at −20 • C were stained with Alexa Fluor 594 conjugated antibody against CD107a, known as lysosomalassociated membrane protein-1 (LAMP1) (Cosmo Bio), for 45 min at room temperature (Chen et al., 1985) . Slides were observed using an FV1000-D laser scanning confocal microscope (Olympus, Tokyo, Japan). One hundred randomized events were analyzed for each drug, which were repeated three times and statistically analyzed. The rate of lysosomal transfer (%) was calculated as follows: lysosomal transfer (%) = 100 × (number of bacteria overlapping LAMP-1 / total number of analyzed bacteria.)
Phagocytosis Assay
Phagocytosis assay was performed as previously reported with some modifications (Daigneault et al., 2010) . J774.1 or THP-1 macrophages were seeded at 1.0 × 10 5 cells into each well of a 96-well plate and incubated with fourfold serial dilutions of kinase inhibitors (from 128 to 0.03 µM) for 2 h at 37 • C. Then, red fluorescent latex beads with a mean diameter of 2 µm (L3030; Sigma-Aldrich) were opsonized by 10% human serum (Cosmo Bio) for 30 min at 37 • C. The opsonized beads were added to cells at an MOI of 10. The cells were then incubated for 2 h with different concentrations of inhibitors. Cells were washed twice with PBS, and red fluorescence (excitation, 535 nm/emission, 595 nm) was analyzed by a FACS Calibur flow cytometer (BD). We used 10 µM of cytochalasin D (Sigma-Aldrich) as a control, which completely inhibits actin polymerization (Cooper, 1987) .
The fluorescence was compared with controls in 5,000 events. The phagocytosis rate (%) was calculated according to the following formula: phagocytosis (%) = 100 × [fluorescent cells (sample-negative control) / fluorescent cells (positive controlnegative control)]. Positive and negative controls were the addition of fluorescent beads and DMSO alone, respectively.
MTT Assay
To measure the cytotoxic effects of the kinase inhibitors, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was used, because mitochondrial succinate dehydrogenase in living cells reduces MTT to form insoluble formazan products (Mosmann, 1983) . Cells were seeded at 1.0 × 10 5 cells to each well of a 96-well plate and incubated with serial concentrations of kinase inhibitors for 24 h at 37 • C. A total of 20 µl of MTT reagent adjusted to 5 µg/mL was added to each well. The plate was shaken for 10 min and incubated in a dark condition for 1 h at 37 • C. Excess dye was removed and 200 µL of DMSO was added to the plate. An absorbance of 550 nm was measured by a DTX-880 plate reader.
Staurosporine was used as a control drug showing cytotoxicity, because the drug is a potent, cell permeable protein kinase C inhibitor and induces cell apoptosis (Couldwell et al., 1994) .
The cell survival rate (%) was calculated by the formula: cell survival (%) = 100 × [(absorbance of kinase inhibitors treated cells -absorbance of solvent) / (absorbance of DMSO treated cells -absorbance of solvent)].
Mycobacterial Survival Assay
Differentiated THP-1 cells were infected with BCG at an MOI of 10 for 2 h and then incubated with 10 µM of each inhibitor for an additional 2 h (Chaurasiya and Srivastava, 2009 ). Infected macrophages were washed once with PBS and incubated with amikacin (20 µM) and each inhibitor (10 µM) for 24 h at 37 • C. Macrophages were washed three times with warm media and lysed with 200 µL of 0.05% SDS solution. The reducing activity of bacteria was measured by alamarBlue cell viability assay. The lysate was mixed with 20 µL of alamarBlue cell viability reagent and incubated for 12 h at 37 • C. The fluorescent signal was measured by a DTX-880 plate reader (excitation: 535 nm/emission: 595 nm). Colony forming assay was performed at the same time as described in the direct bactericidal assay.
Statistical Analysis
Data are shown as the mean ± SEM. The statistical significance between means of individual datum points was determined by one-way analysis of variance (ANOVA) test. Data are means ± standard deviations from three independent experiments. A Pvalue of less than 0.05 was regarded as significant. Correlation between data is indicated in the plots as the R 2 Pearson correlation coefficient.
RESULTS
Screening of PknG Inhibitors by Luciferase-Based PknG Kinase Assay
To identify PknG inhibitors, we employed a luciferase-based activity assay that is based on residual ATP levels after PknGinduced MBP phosphorylation (Koul et al., 2001) . We screened a library of 80 kinase inhibitory compounds (Supplementary Table S1 ). The percent inhibition in the approximation curve was 1.058, and the R 2 correlation coefficient of the plot was 0.9647. The experiments were performed twice for each compound according to the previous protocol reported by Baki et al. (2007) . The two independent experiments showed reproducible data. Among the active compounds, AZD7762, R406, R406f, and CYC116 showed a level of inhibition exceeding 50% relative to the inhibition of PknG by AX20017 ( Figure 1A and Supplementary Table S1), which were used for further investigation as candidates for anti-mycobacterial agents. The inhibitory effect was 75.2% by AZD7762, 83.8% by R406, 83.6% by R406f, and 71.2% by CYC116. The IC50 values of AX20017, AZD7762, R406, R406f, and CYC116 were 5.49, 30.3, 7.98, 16.1, and 35.1 µM, respectively ( Figure 1B) . These inhibitors did not show any inhibitory effect on the luciferase activity at the concentrations used in our assays (Supplementary Figure S1) .
Effect of Kinase Inhibitors on Bacterial Growth
To analyze the effect of each kinase inhibitor on bacterial growth, WT BCG, and PknG BCG were incubated with serial concentrations of the kinase inhibitors. Bacterial growth was evaluated using alamarBlue reagent. The effect of each kinase inhibitor on bacterial growth was similar (Figures 1C,D) . The number of CFUs of the BCG treated with 10 µM of each PknG inhibitor for 24 h at 37 • C was almost identical (Figure 1D ).
Phagosome-Lysosome Fusion Analysis in BCG-Infected Macrophages
To evaluate the consequences of PknG inhibition on phagosomelysosome fusion, J774.1 macrophages were infected with GFPexpressing BCG. After infection, cells were stained with lysosomal LAMP1 antibody. Intracellular BCG was counted (n = 100) by confocal microscopy. LAMP1 signals overlapping with GFP signals were regarded as phagosome-lysosome fusion positive. Fusion between intracellular WT BCG-containing phagosomes and lysosomes was 31% in the absence of inhibitors. However, the frequency of fusion increased to about 79% when cells were infected with PknG BCG (Figures 2A,B) . Importantly, after infection of WT BCG, the compounds AZD7762, R406, and R406f increased the frequency of fusion between the mycobacteria and lysosomes, whereas CYC116 failed to induce lysosomal delivery of internalized mycobacteria (Figures 2A,B) .
Effect of Novel PknG Inhibitors on Macrophages
To assess the effect of the identified PknG inhibitors on macrophages, we examined the phagocytic activity, survival ratio, and bactericidal activity of macrophages incubated with different inhibitors (Figures 2, 3) . To analyze phagocytosis, differentiated THP-1 cells were treated with each PknG inhibitor, and then fluorescent beads were added to the culture to evaluate the phagocytic ability. Phagocytic activity was slightly decreased at high concentrations of AX20017 and R406 and significantly impaired at 8 µM of R406f and AZD7762 ( Figure 3A) . We performed the same experiment using J774.1 cells. A significant reduction of phagocytic activity was observed for each kinase inhibitor except AX20017 ( Figure 2C) .
To examine cytotoxicity of the PknG inhibitors, the survival ratio of macrophages was measured by MTT assay. No cytotoxicity was observed on differentiated THP-1 macrophages treated with R406 or R406f, similar to treatment with AX20017. However, low levels of cytotoxicity were detected after 24 h in the presence of AZD7762 ( Figure 3B ). On the other hand, cytotoxicity of PknG inhibitors was more strongly observed on murine J774.1 cells ( Figure 2D ). Not only AZD7762, but R406 and R406f also showed cytotoxicity at concentrations higher than 2 µM (Figure 2D) .
To evaluate bactericidal activity in human macrophages, differentiated THP-1 cells infected with WT BCG or PknG BCG were incubated with PknG inhibitors. All PknG inhibitors reduced the growth or metabolic activity of WT BCG in human macrophages, that was not observed for mycobacteria lacking PknG, although to a different degree as observed in murine J774.1 macrophages (Walburger et al., 2004) . Inhibition of bacterial growth was assessed by bacterial metabolic activity analysis as well as colony enumeration (Figures 3C,D) . These results showed that the PknG inhibitors identified by the luciferase-based kinase assay reduced the growth or survival of BCG in a human macrophage cell line.
DISCUSSION
Isoniazid, rifampicin, pyrazinamide, and ethambutol have been used as anti-mycobacterial agents. However, it is very difficult to eradicate mycobacteria from every infected person, because existing antibiotics do not have strong potency against slowly proliferating mycobacteria. Moreover, intracellular mycobacteria are sequestrated from immune surveillance. Multidrug-resistant mycobacteria are also emerging. Therefore, the development of novel anti-mycobacterial drugs is strongly required.
In this work, compounds exhibiting PknG inhibition were screened using a luciferase-based PknG kinase assay. The discovered compounds R406 and R406f promoted fusion between mycobacteria-containing phagosomes and lysosomes. Both compounds showed cytotoxicity toward J774.1 cells at the concentration used for the phagosome-lysosome fusion assay, and reduced phagocytosis by THP-1 cells at the concentration used to measure intracellular BCG survival (Figures 2, 3) . Therefore, it is unclear whether these compounds change the fate of intracellular BCG via their effect on PknG activity or by their effects on other targets in the macrophages and the mycobacteria. However, CYC116, the other PknG inhibitor, did not enhance phagosome-lysosome fusion ( Figure 2B) . Another kinase inhibitor, AZD7762, which also inhibits Chk1/2, showed slight toxicity to macrophages ( Figure 3B ).
Mycobacterium tuberculosis has 11 serine-threonine protein kinases: PknA, PknB, PknC, PknD, PknE, PknF, PknG, PknH, PknJ, PknK, and PknL. These kinases are involved in a number of processes within M. tuberculosis, including growth, metabolism, and evasion from lysosomal degradation (Chao et al., 2010) . Inhibitors against PknA and PknB retarded mycobacterial growth, and inhibitors against PknG suppressed phagosomelysosome fusion (Székely et al., 2008) . Moreover, sclerotiorin derived from Penicillium frequentans showed an inhibitory effect on PknG from M. tuberculosis (Chen et al., 2017) . Sclerotiorin impaired mycobacterial survival in infected macrophages, but did not show direct inhibition of cultured mycobacterial growth. However, as happens many times, some compounds cannot be used on patients because of their side effects. Thus, it still worthwhile to develop novel compounds that inhibit serinethreonine protein kinases (Anand et al., 2012; Sipos et al., 2015) .
The here used luciferase-based PknG kinase assay is a powerful tool for screening novel PknG inhibitors. We showed that R406 enhanced phagosome-lysosome fusion in addition to PknG inhibition (Figure 2) . R406, R406f, and R788 (fostamatinib), a precursor of R406, are Syk kinase inhibitors (Braselmann et al., 2006; Weinblatt et al., 2010) . Because R788 is already orally administered to patients suffering from rheumatoid arthritis, it should be possible to develop orally administrable anti-mycobacterial drugs by selecting drugs more specific to PknG than to Syk.
We used a modified luciferase based-kinase assay to identify inhibitors of PknG activity (Baki et al., 2007) . Several PknG inhibitors were recently identified by pharmacophore-based virtual screening using the crystal structure of PknG (Singh et al., 2015) . Because the amino acid sequence of PknG is identical between M. bovis BCG and M. tuberculosis, identification of PknG inhibitors having strong anti-BCG activity may also be relevant for finding drugs to combat M. tuberculosis. Our study showed one way to develop drugs targeting mycobacteria that are difficult to eradicate. However, there are many differences between mycobacteria in terms of bacterial toxicity and immunological response against the host. BCG lacks several genes required for the full pathogenicity of M. tuberculosis (Behr et al., 1999) . The current observations should be pursued with the use of M. tuberculosis in the near future.
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